Numerous experimental investigations have been conducted over the past two years in an attempt to increase understanding of the arcing characteristics associated with anodized aluminum plates immersed in a plasma environment. The International Space Station (ISS), as well as the Extra-vehicular Mobility Unit (EMU) worn by ISS crew-members, utilize anodized aluminum components in many key areas. Photo-voltaic array driven charging of these components can cause arcs to be initiated when these components are exposed to the Low Earth Orbit (LEO) plasma environment. Arc generation can lead not only to damage of the anodized surface and generation of electromagnetic interference, but also to an electrical shock hazard for an astronaut in an EMU. Descriptions of multiple arc tests that apply to the ISS and EMU will be provided. Results of each test will be shown in a compiled form, due to the large number of arc events generated during a typical test campaign. Where appropriate, current and voltage waveforms associated with a single arc event will be shown in detail.
Nomenclature

ISS
= International Space Station T e = Plasma Electron Temperature LEO = Low Earth Orbit V = Volts EMU = Extra-vehicular Mobility Unit MMOD = Micrometeoroid and Orbital Debris CAA = Chromic Acid Anodized µm = 1 x 10 -6 meters SAA = Sulfuric Acid Anodized mC = milli-Coulomb eV = Electron Volts n e = Plasma Electron Density
I. Introduction
It has been recognized for several years that the International Space Station (ISS) experiences spacecraft charging as a result of the high voltage solar arrays interacting with the LEO plasma. The solar arrays, which operate at 160 volts, have exposed solar cell edges that are conductive and able to collect current from the surrounding plasma. 1 The ISS power system is a conventional negative ground configuration, which means the negative terminal of the solar arrays is electrically bonded to the aluminum station structure. As the mobility of the ions in the LEO plasma is much less than the electrons, the arrays float to a negative potential in order to collect enough ions to achieve a current balance with the electrons. This, in turn, means that the structure of the ISS is also driven to a negative potential with respect to the LEO plasma.
The micrometeoroid and orbital debris (MMOD) shields that form the outer surface of all of the U.S. station modules are made from anodized aluminum. The anodization layer is applied to the aluminum to regulate the thermo-optical properties. In the case of the MMOD shields the anodizing process results in a thin (< 2 µm) oxide layer that is a dielectric surface. The MMOD shields can then be described as appearing to be large capacitors, i.e. a dielectric sandwiched between two conductors (the aluminum surface and the plasma). Figure 1 shows a conceptual drawing of this idea. As Carruth calculated, the capacitance of a full module can be quite large. 2 Unfortunately, the dielectric in this capacitor is the anodization layer which was designed for thermal reasons and not for its dielectric strength. It is not surprising then, that when voltages as low as 70 volts are applied across this anodization layer, an arc can occur as a result of dielectric breakdown. 3 The Extra-vehicular Mobility Unit (EMU) used by astronauts when working outside of the ISS is tethered to the ISS using a conductive tether. Therefore, in the event that the ISS structure is floating at a negative potential, it is possible for the EMU to also be forced to this same potential as a result of the electrical connection provided by the tether. The EMU has several components that are made up of anodized aluminum. Arc generation on these anodized components can occur under the same circumstances as the MMOD shields described above. However, in the case of the EMU the current that flows through the arc site may also divide into a parallel path that could include the astronaut inside the EMU. 4 Given the potentially hazardous effects of an arc event, a series of tests have been done at the Marshall Space Flight Center to gain a better understanding of arc characteristics and of dielectric breakdown on anodized surfaces. The samples used in these tests were anodized aluminum plates representative of anodized components on station. Different tests were conducted to focus on specific aspects of arcing such as current levels and arc duration. The details of these tests are presented below.
II. Different Anodized Aluminum Samples
The anodized coatings that were the focus of the investigations described below are described as Type I and Type II. Type I coatings are Chromic Acid Anodized (CAA). Type II coatings are Sulfuric Acid Anodized (SAA). The Type I samples that were used in these tests were witness plates from the production of the large MMOD plates used on the ISS. The Type I or CAA coatings on the MMOD shield have an oxide layer with a typical thickness of 1.3 µm. 5 On the ISS the truss components are typically Type II anodized coatings which typically have a thickness of 10 µm. However, the Type II coated plates used in this experiment were specifically created to have an oxide layer thickness comparable to the ISS MMOD plate thickness. This was done to allow arc generation at a lower voltage.
The EMU has several components such as the Display and Control Module (DCM), waist and neck rings, and the Primary Life Support System (PLSS) which contain anodized components. These components are created using different anodizing specifications than those of the ISS structure components. 6 No specific EMU samples were used in this experiment, however, based on the similarity to the samples that were used and the fact that general characteristics were being investigated, it is reasonable to apply the results of many of the tests to the EMU. Future tests are being considered that will use samples made according to the exact specifications of the EMU manufacturer.
III. Test Set-Up
All tests were conducted using one of the Environmental Effects Branch facilities at the Marshall Space Flight Center. The plasma test facility utilized a cylindrical vacuum chamber capable of reaching base pressures in the low 10 -7 Torr range. The chamber was 173 cm (68 in.) long and had an inner diameter of 122 cm (48 in.). Figure 3 on the next page shows a side view of the chamber. The cylindrical vacuum vessel has a plasma source on one end and multiple access ports on the sides to accommodate electrical and motion feed-throughs. The chamber divides along a circumferential flange located near the mid-point of the chamber. A hollow cathode plasma source was used with argon gas at an operating pressure of 2 x 10 -4 Torr. This pressure was chosen to help create a plasma with a low electron temperature. The hollow cathode source produced a plasma with a density n e = 10 6 cm -3 and an electron temperature range of T e = 0.3-0.5 eV. Plasma properties were monitored using two different Langmuir probes American Institute of Aeronautics and Astronautics located inside the chamber. One probe was a 3.71 cm (1.46 in.) diameter gold spherical probe while the other was a wire probe with a 0.1 cm (0.04 in.) diameter and a 5.72 cm (2.25 in.) length. Figure 2 shows the basic schematic for all arc tests that were conducted inside the chamber. The capacitor in the test circuit represents the capacitance of the ISS modules covered with Chromic Acid Anodized aluminum. Different values of external capacitance were studied to understand the role of the capacitance in the arc characteristics (primarily arc duration and peak current). The added resistance represents various sources of resistance present in the EMU arc circuit. Some typical resistance sources would be: 1) the stainless steel tether, 2) contact resistance of the tether wire and the single point ground on the EMU, and 3) the contact resistance between the crew member and exposed metal on the inside of the EMU. Each source of resistance can in practice have a wide range of values, so multiple values of resistance over several decades were tested. The current probe and voltage probe in the circuit were connected to an oscilloscope that captured the arc traces. It should be noted that the 10K ohm resistor in series with the power supply is there to isolate the power supply from the arc circuit. The arc current is therefore derived strictly from the capacitor.
Two 10.2 cm (4 in.) x 15.2 cm (6 in.) anodized sample plates were present in the chamber during testing although only one plate was tested at a time. This was done to reduce the vacuum pump-down time between tests. A time period of 24 hours was chosen as a pump-down time between plate installation and testing to mitigate adhering volatile contaminants and otherwise condition the plate to vacuum and plasma. During pump-down, the chamber was allowed to achieve a pressure near 5 x 10 -7 Torr range. Plates were suspended in the chamber by wires that served as their electrical connection outside of the chamber. Each sample required a separate wire to connect to the bias circuit. These wires were passed to the outside of the chamber via a vacuum electrical feed-through. The back of the plates along with the edges were covered with Kapton ® tape so only the front side would interact with the plasma. This restricted the arc discharges to the front surface of the plate. The anodized coating was removed at the point of electrical connection to the plate by sand paper abrasion to allow for negative charging of the aluminum surface. 
IV. Discussion of Tests
To better understand the arcing of anodized aluminum plates, multiple test variables were studied. Different external capacitances and values of added resistance were studied to help characterize the current levels and time durations associated with arcs. Anodized plates were also tested for long durations at different voltages to try and identify a voltage threshold at which arcing no longer occurs. These different tests will be discussed in detail below.
A. Effect of Added Resistance and External Capacitance on Arc Currents
CAA plates and SAA plates were tested to determine the effect of external capacitance and added resistance on arc currents. CAA plates were tested at -140V. These CAA plates were a part of a set of ISS MMOD witness samples. The 140V potential was chosen to minimize the time required to obtain an arc and to increase the number of arcs generated during testing. Plates were tested with four different external capacitances: 1, 24, 100, and 2000 microfarads. For each capacitance case four different values of added resistance were used: 0, 10, 100, and 1000 ohms. Table 1 shows the average peak current values for the different test runs. The peak current value is an average of the peak currents obtained for three arcs under each test condition. As one can see from the values, at resistances greater than 10 ohms, the size of external capacitance has no effect on the peak arc current.
A more in-depth study was done at a lower voltage with thin coated SAA plates. These particular plates were tested at -70V. For this particular test, two capacitances were used: 12 and 2000 microfarads. Five different resistance values were studied: 5, 10, 50, 100, and 500 ohms. For each capacitance case, 10 arcs were obtained at each resistance to obtain better statistical data. Pulse width (time duration) of each arc was also of concern. An important observation to make is the fact that at resistances greater than 50 ohms, the size of external capacitance has very little effect on the peak current (Table 2 ) and pulse width (Table 3 ) of the arc. The error bars on the graphs below represent the standard deviation in the test data in Tables 2 & 3 .
Provided in the figures below are typical waveforms associated with an arc event at -70V for the 12 microfarad and 2000 microfarad capacitance cases. The current probe and voltage probe in the test circuit were connected to an oscilloscope that was set to trigger off a change in voltage detected by the voltmeter across the capacitor seen in Figure 2 . It is of interest to note that the voltage drop across the capacitor for the 2000 microfarad case is much smaller (5 volts) than that of the 12 microfarad case (40 volts). For the 12 microfarad capacitor, the charge released (determined from the waveform shown in Figure 6 ) is 0.4 mC. The released charge is a significant fraction of the charge stored in the small capacitor, which is 0.84 mC. Consequently, the voltage on the 12 microfarad capacitor dropped by approximately 50%. For the 2000 microfarad capacitor, the charge released (determined from the waveform shown in Figure 8 ) is 12 mC, which is a small fraction of the charge stored on the 2000 microfarad capacitor (140 mC). For this reason, the arc caused an insignificant drop in the voltage of the 2000 microfarad capacitor. The arc events shown in Figures 6 to 9 indicate that the mechanism responsible for extinguishing an arc could be different for these two capacitors. For the smaller capacitor, voltage across the arc appeared to play a dominant role in termination of the arc as the voltage across the arc dropped by > 30 V. For the larger capacitor, the voltage across the arc did not change significantly. For this case, the mechanism responsible for extinguishing the arc could be localized pressure build-up due to vaporization of the material by the long duration (3 ms) arc. 
B. Arc vs. Time Tests
A second series of tests were done to study the arcing effects over time and to try and establish a possible voltage threshold at which arcing would not occur. Long duration arc tests were done at -70V, -80V, and -90V on CAA plates. Two plates were suspended in the chamber as in previous tests, but only one was tested at a time. No added resistance was present in the test circuit and 12 microfarads was used as external capacitance. A LabView TM program was used to monitor the voltage applied to the anodized plate over time. When an arc would occur the voltage would drop to below roughly 20 volts and a spike would be seen in the voltage trace. The resolution of the waveform associated with the arc was sacrificed in the interest of file size. The sampling rate was 50 Hz. This rate was sufficiently fast to ensure that each arc was captured without creating a large file. A new data file was created every hour during the test. Therefore, in the case of a 3 day test, 72 individual files were created. Each file contained 180,000 points of ASCII text corresponding to the voltage on the sample. One test each was done at -80V and -90V for a duration of three days. These particular tests generated numerous arcs as evident by the figures below. Total number of arcs accumulated for the 80V and 90V tests were 99 and 104, respectively. One thing of interest is the fact that the arcs seem to "consume" the plate until the plate will arc no more. This can be seen by the decrease in arcs toward the end of testing and by the rapid accumulation of arcs at the initial onset of voltage application.
Three different long duration tests were conducted at -70V. Each test was run for seven days to allow enough time for the plates to arc. The three tests utilized three different plates. As one can see in the figures on the next page, 70V appears to be close to a threshold of arcing. This is evident by the large decrease in the number of arcs from the 80V and 90V tests. As the bias potential is decreased, arcing becomes progressively less frequent and the time for an initial arc, although stochastic, is clearly increased on average, suggesting that further measurements are needed to specify the statistical characteristics of a time to initial arc. Further testing at lower voltages was not done due to the large amount of time needed for testing to accumulate arcs. It is desired to test at lower voltages in the future (e.g. 50, 60 volts) since our crew safety issue is at lower exposure levels. 
V. Conclusions
The spacecraft charging that the International Space Station experiences as it interacts with the LEO plasma has led to concerns being raised about the possibility of arc generation. The focus of arcing concerns centers on anodized aluminum components which comprise the outer shields on the ISS modules and the anodized components on the EMU suit which can also experience charging through its attachment to the ISS structure. Based on these concerns, a series of tests have been undertaken to evaluate the parameters that affect arc generation. Samples that were representative of ISS and EMU components were employed.
The first set of tests studied the effects of capacitance and resistance on the current levels and time durations associated with arcing. An important observation made is the fact that at resistances greater than 50 ohms, the size of external capacitance has very little effect on arc current and time durations. Another important point to make is that current levels associated with all resistances up to and including 1000 ohms exceeded 100 milliamps. This electric current exposure is incompatible with evolving ISS medical operations guidelines. 7 Another series of tests looked at voltage thresholds for arcing by measuring the number of arcs versus time for several different voltage values. Based on these tests it appears that the voltage threshold for arcing is below 70 volts. However, due to the large amount of time (> 72 hours per test) required for this type of testing, it was not possible to explore the 60 V and 50 V domains.
Future tests are planned to look at the time to first arc as well as the effect of temperature on arc initiation. The additional tests are needed to fully understand the limits of arcing on the ISS. All of the arc characterization data is being gathered to provide information to the ISS Program Officers at NASA. Based on this data, the ISS Program can ensure the safety of the ISS crew members and the proper operation of ISS vehicle systems.
